Because of their prominent roles in regulation of gene expression, it is important to understand how levels of Krü pple-like transcription factors SP1 and SP3 change in germ cells during spermatogenesis. Using immunological techniques, we found that both factors decreased sharply during meiosis. SP3 declined during the leptotene-to-pachytene transition, whereas SP1 fell somewhat later, as spermatocytes progressed beyond the early pachytene stage. SP3 reappeared for a period in round spermatids. For Sp1, the transition to the pachytene stage is accompanied by loss of the normal, 8.2-kb mRNA and appearance of a prevalent, 8.8-kb variant, which has not been well characterized. We have now shown that this pachytenespecific transcript contains a long, unspliced sequence from the first intron and that this sequence inhibits expression of a reporter, probably because of its many short open-reading frames. A second testis-specific Sp1 transcript in spermatids of 2.4 kb also has been reported previously. Like the 8.8-kb variant, it is compromised translationally. We have confirmed by Northern blotting that the 8.8-, 8.2-, and 2.4-kb variants account for the major testis Sp1 transcripts. Thus, the unexpected decline of SP1 protein in the face of continuing Sp1 transcription is explained, in large part, by poor translation of both novel testis transcripts. As part of this work, we also identified five additional, minor Sp1 cap sites by 5 0 rapid amplification of cDNA ends, including a trans-spliced RNA originating from the Glcci1 gene.
INTRODUCTION
SP1 was isolated based on in vitro stimulation of transcription from the simian virus 40 early promoter, which contains six tandem variants of its binding site, often termed a GC box [1] . Over the intervening years, SP1 became the founding member of a family of nine related mammalian proteins that share well-conserved versions of a carboxyl terminal zinc-finger DNA binding domain. The mammalian genome contains at least 16 additional genes with similar zincfinger domains that are named Krüpple-like factors (KLFs) [2] . SP3 is a widely expressed relative of SP1 that binds to the same DNA motif [3] . Regulatory roles for GC boxes and SP1 or SP3 have been identified in the promoter regions of hundreds of genes. Several recent reviews serve as an introduction to this literature [3] [4] [5] [6] [7] [8] . Once considered to be a ubiquitous transcriptional activator, SP1 is now known to be functionally modified by phosphorylation and glycosylation [9, 10] and to effect repression as well as activation, depending on the promoter environment and the presence of specific coregulators. SP3 also has activating or repressing effects, depending on the context and the number of binding sites in a particular promoter [3, 6] .
Spermatogenesis encompasses a series of developmental changes. Proliferating spermatogonia become spermatocytes, which undergo meiosis to produce haploid spermatids. These undergo dramatic morphological and biochemical changes to become spermatozoa [11] . In view of the common presence of GC boxes in mammalian promoters, it is important to know if SP1 and alternative factors, such as SP3, are available throughout spermatogenesis. The literature is somewhat confusing on this point, but the most recent studies support a marked decrease in SP1 as spermatogenesis progresses. In an early study, Saffer et al. [12] reported that the large, 8-to 9-kb Sp1 mRNA, which is typical of somatic tissues, declined sharply in the testis of adult mice, whereas a novel, 2.4-kb mRNA appeared at approximately 25 days of age and became the most prominent Northern blot band obtained from adult testis. At the same time, those authors reported an increase in the immunohistochemical signal for SP1 in haploid cells. Subsequently, Persengiev et al. [13] reported that SP1 protein actually was rather low in testis germ cell nuclear extracts when detected by Western blot analysis. Those authors confirmed loss of the standard, 8.2-kb Sp1 mRNA beginning in the pachytene stage of meiosis as well as the appearance of the 2.4-kb band in late meiotic and early haploid cells. This group of investigators also made the first identification of a larger, 8.8-kb Sp1 transcript during the pachytene stage of meiosis I. The 2.4-kb mRNA was shown to begin at codon 5 of the reading frame, potentially allowing in-frame translational initiation at the methionine specified by the eighth codon, and to end with an extremely truncated 3 0 untranslated region (UTR). This extremely short transcript defines a nearly fulllength and functional protein, but it was not associated with polysomes, indicating that it was not an efficient source of SP1 protein. Recently, Thomas et al. [14] reported isolation of several variant Sp1 cDNA clones of 3-4 kb from a pachytene cDNA library. All have truncated 3
0 UTRs, and one is identical to a minor splice variant identified by Persengiev et al. [15] that lacks a transactivation domain. By immunohistochemistry, they showed that SP1 reactivity was lost during meiosis.
Our interest in SP1 derives partly from study of the variant linker histone H1T, which is expressed uniquely in midpachytene spermatocytes. Like promoters of the five standard H1 variants, the Hist1h1t promoter has a prominent GC box that is a good binding site for SP1 and SP3 [16] [17] [18] [19] [20] . In view of this, we are intrigued by the possibility that SP1 is down-regulated at the point at which H1T is expressed in mid-to latepachytene spermatocytes. Hoping to clarify the protein levels of SP1 in spermatocytes as well as the function of the spermatocyte-specific, 8.8-kb Sp1 mRNA, we therefore made an additional study of SP1 expression during spermatogenesis.
In the present study, we confirmed that SP1 protein is markedly down-regulated beginning in the midpachytene stage and that it remains at low levels throughout the remainder of spermatogenesis. We used 5 0 rapid amplification of cDNA ends (5 0 -RACE) and RNase protection assays to identify multiple new Sp1 transcriptional start sites. Most of these are not quantitatively important. As cells progress through the pachytene stage, however, the 5 0 ends of the majority of transcripts map to a cluster of start sites lying within the first intron. Most of these transcripts connect to exon 2 without splicing and generate a long 5 0 leader region that contains multiple initiation and termination codons. The result is a translationally inefficient mRNA that we have identified as the 8.8-kb variant described by Persengiev et al. [13] . We also investigated the expression of SP3 during spermatogenesis by immunohistochemistry and Western blot analysis. Like SP1, SP3 was found at high levels in spermatogonia. Unlike SP1, it declined immediately on their entry into meiosis but emerged again at a lower level for a period during the development of round spermatids.
MATERIALS AND METHODS

Mice
C57BL/6 mice were obtained from Harlan Sprague Dawley or from a colony maintained locally. Hsd:ICR outbred mice were from Harlan Sprague Dawley. The use and care of animals were approved by the University of South Carolina Animal Care and Use Committee.
Immunohistochemistry
Mouse testes were fixed in either Bouin fixative or 4% paraformaldehyde in PBS for 16-24 h. Routine paraffin sections were mounted on Superfrost plus slides (Fisher, Pittsburgh, PA), rehydrated, subject to antigen retrieval, and processed as described previously [21] . Sections were blocked with 10% normal goat serum in PBS for 1 h at room temp and then with the primary antiserum in 5% normal goat serum and 0.1% Triton X-100 (Sigma) in PBS overnight at 48C. Rabbit polyclonal antibodies were from Santa Cruz (SP1: PEP 2, sc-59x; H-225, sc-14027; SP3: D-20, sc-644) and were used at a dilution of 1 lg/ml. Immune complexes were detected as described using Invitrogen-Zymed horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (catalog no. 81:6120, 1:300) and diaminobenzidine (catalog no. 00-2020; Zymed). Some sections were counterstained with Mayer hematoxylin (Sigma). Images were obtained with an Olympus DP11 or DP71 digital camera mounted on an Olympus microscope.
Preparation of Purified Germ Cells
Purified populations of late spermatocytes and round spermatids were prepared from four adult mice according to the protocol described by Heyting and Dietrich [22] with elutriation conditions modified for mouse cells [23] . Cells from elutriation were further purified by overlaying cells in 16% Percoll on preformed gradients of Percoll (40 ml, 25-40%; GE Healthcare BioScience) and centrifugation in a JS13.1 rotor (Beckman-Coulter) at 10 000 rpm for 15 min at 208C. Purity was estimated to be approximately 95% based on nuclear morphology after fixation with cold acetic acid:methanol (1:3) and staining with Giemsa. A mixture of type A and B spermatogonia was prepared from testes of twenty 8-day-old mice. Tubules were incubated in 2 ml of Dulbecco modified Eagle medium/Ham F12 (DMEM/F12; Invitrogen) at 328C with 0.5 mg/ml of collagenase (Sigma) for 20 min. Tubule fragments were allowed to settle three times from 5 ml of medium, exposed to trypsin (0.5 mg/ ml; Sigma) for 15 min, and followed by addition of soybean trypsin inhibitor (Sigma) to make 0.5 mg/ml, after which a cell suspension was generated by repeated pipetting. Cells were washed twice by centrifugation (600 3 g for 10 min), filtered through a 50-lm nylon mesh, diluted to 10 ml in DMEM/F12 with 5% fetal bovine serum (Invitrogen-Gibco), and plated in a single 10-cm dish. Following incubation (5% CO 2 , 328C) for 4 h, the nonadherent germ cells were removed and washed twice in PBS, after which cell pellets were kept at À708C. Spermatogonia purity was estimated to be approximately 80% based on multiple discrete heterochromatin clumps following Giemsa staining.
RNA Isolation
The RNA was isolated from tissues or purified spermatogenic cells using RNeasy kits as described by the manufacturer (Qiagen). The intact state of 18S and 28S rRNA was verified before use of the RNA in other procedures.
5
0 -Rapid Amplification of cDNA Ends
The 5 0 -RACE was carried out using mouse testis RACE-ready cDNA from Swiss-Webster mice (catalog no. 3206; Ambion) following the protocols supplied. Forward primers were supplied to match the adapter ligated to the 5 0 end of the decapped mRNA. Reverse primers were designed for Sp1 based on the mouse genome sequence (http://www.ensembl.org; ENSMU-SG00000001280). The outer reverse RACE primer was 5 0 -TGGGTGACT-CAATTCTGCTG, and the nested inner primer, located within exon 3, was 5 0 -GCATAAGCTTAAAGGAGATGGCTGGGATTC. The PCR products were purified using a QIAquick PCR purification kit (Qiagen), digested with BamHI and HindIII, and ligated to pBluescript (Stratagene). Sequencing of inserts was carried out by the University of South Carolina Institute for Biological Research and Technology.
RNase Protection Assays and Northern Blot Analysis
RNase protection assays were carried out essentially as described previously [24] using the MAXIscript kit (Ambion) to prepare probe fragments and the RPA III kit (Ambion) to carry out hybridizations and digestions. Riboprobe A was prepared from the RACE clone for exon 1S (Fig. 1 ) and gave 293-bp protected fragments with transcripts that contain Sp1 exons 1S to 3 but a 181-bp protected fragment from transcripts with variant first exons. To prepare a riboprobe for the spliced and unspliced variants containing exon 1P, a 259-bp fragment was amplified from mouse genomic DNA with the upstream primer 5 0 -GCATGGATCCCTGAGACACTGAAATTCCAAATTCCCTT and the downstream primer 5 0 -GCATAAGCTTTGGGATGCCAAAGCCATAGA-CACA, followed by ligation to the BamHI and HindIII sites of pBluescript. An Actb (b-actin) probe was synthesized using the template provided by the MAXIscript kit. A typical reaction consisted of 10 lg of total RNA, 80 000 cpm of Sp1 probe, and 40 000 cpm of Actb probe and was incubated overnight at 428C. Following RNase A and T1 digestion, protected products were resolved on a 5% polyacrylamide-8M urea gel. The gel was then dried and exposed to Kodak Bio-Max film overnight. Northern blots were done as described previously [24] using salmon sperm DNA in the blocking mixture and probes labeled by random priming.
Reverse Transcriptase PCR and Real-Time PCR Total RNA (1 lg) was primed with either random hexamers or oligo(dT) and reverse transcribed using Superscript III First-Strand Synthesis kit (Invitrogen) following the manufacturer's directions. Complementary DNA was diluted 1:10, and 1 ll was used in each 50-ll conventional PCR reaction or 0.5 ll in each 25-ll real-time PCR reaction. Primers used for real-time PCR are listed in Supplemental Table 1 (available at http://www.biolreprod.org). Primers were designed using the Primer3 program (http://frodo.wi.mit.edu/) [25] or a program at the supplier's website and were synthesized by Integrated DNA Technologies. Real-time PCR was performed in an iCycler (Bio-Rad) with 43 thermal cycles of 30 sec of denaturation at 958C, 30 sec of annealing at 608C, and 30 sec of elongation at 728C. The reactions were set up in final volumes of 25 ll containing 0.5 ll of 1:10 diluted cDNA, 5 pmol of each primer, 12.5 ll of SYBR Green real-time master mix (Bio-Rad), and distilled water to volume. In practice, master reaction mixes were set up for each cDNA source so that cDNA concentration did not vary among tubes. Amplifications were repeated in triplicate on separate occasions. In each experiment, specific mRNAs were designated as references, and amounts of other mRNAs were calculated relative to these from differences in cycle threshold (Ct) [26] .
Western Blot Analysis
Tissues or cell pellets were homogenized in four volumes of 50 mM sodium phosphate, pH 7.8, containing a protease inhibitor mixture (P-8340; Sigma) and then immediately diluted with an equal volume of hot SDS sample buffer (50 mM sodium phosphate [pH 7.8], 200 mM 2-mercaptoethanol, 4% SDS, and 20% glycerol) and heated in a boiling water bath for 3 min. On cooling, viscosity was eliminated by brief sonication. Protein was estimated using the 290 Pierce BCA reagent. Samples were resolved on a 10% polyacrylamide gel run as described previously [21] . The primary antibody was PEP2 used at a final dilution of 0.5 lg/ml. In some blots, the primary antibody was Bethyl BL939 (Bethyl Laboratories).
Mutagenesis and Transient Transfection Analysis
Exon 1S and both the spliced and unspliced variants of exons 1P to 2 were fused in frame to the luciferase gene in pGL3 (Promega) using standard cloning techniques. The 5 0 end of exon 1P was 146 bp upstream of the 1P splice donor site. A version of the unspliced variant was made in which an EcoRI site was introduced to disrupt the splice donor site using overlap PCR mutagenesis. All constructs were verified by sequencing. Transient transfection of NIH3T3 cells and luciferase assays were carried out as described previously using Renilla luciferase as a transfection efficiency control and the Promega dual luciferase assay kit [27] .
RESULTS
SP1 Immunoreactivity Is Lost as Mouse Spermatogenic Cells Progress Through the Pachytene Stage of Meiosis
We used immunohistochemistry to determine SP1 expression with the PEP2 antibody, which recognizes an epitope at the downstream end of exon 3 ( Fig. 1 ) and should identify functional proteins encoded by known splice variants [13, 15] . Identical results were obtained with the H-225 antibody, which is directed to an epitope located at a different location within exon 3 ( Fig. 1 ) (results not shown).
Within seminiferous tubules, strong nuclear staining of germ cells was obtained only over the cells lying along the outer rim, although many somatic cells found outside the tubules also were stained ( Fig. 2A) . The outermost layer of cells within tubules of the adult testis has the greatest diversity. Depending on the stage of the cycle, it may contain the relatively scarce stem cell spermatogonia, several generations of spermatogonia committed to differentiation, cells in the leptotene to early pachytene phase of meiosis, and also nuclei of the nongerminal Sertoli cells [28, 29] . All these nuclei stained positively for SP1 (Fig. 2) .
Tracing expression through the stages, spermatogonia and early pachytene spermatocytes as well as Sertoli cell nuclei were immunopositive for SP1 in a stage I-II tubule (Fig. 2B) . In a stage IV-V tubule, spermatogonia and Sertoli nuclei were stained, but the maturing pachytene nuclei were stained much more weakly or not at all (Fig. 2C ). (The weak, uniform immunoreactivity seen throughout the nuclei and cytoplasm of early round spermatids in these tubules was not reproduced by a subsequent lot of the same antisera or by the H-225 antibody and, therefore, was taken to be nonspecific.) At stage VII-VIII (Fig. 2D) , the outermost layer of germ cells is composed largely of leptotene spermatocytes, which stained strongly. At stage IX, the peripheral leptotene spermatocytes stained strongly, whereas the adjacent large, late-pachytene nuclei were negative (Fig. 2E) . At stage XII, identified by immunonegative, dividing meiotic cells (Fig. 2F ), spermatogonia and late zygotene/early pachytene cells were all stained, as were Sertoli cell nuclei. Wherever they are seen, the elongated nuclei of peritubular cells also were strongly stained, regardless of the stage of the cycle (Fig. 2F ). Many nuclei of somatic cells lying outside the tubules also were immunopositive.
We were curious to see if a similar loss of SP1 occurred in other cases in which stem cells give rise to a differentiating, Nucleotide numbering is based on the mouse Feb 2006 genome assembly and relative to the first nucleotide of exon 2, which is assigned þ1. Diagonal numbers above the sequence diagrams indicate distances relative to exon 2. Numbers next to arrowheads below the diagrams designate PCR primers (see Supplemental Table 1 at http://www. biolreprod.org). Asterisks mark transcriptional starts identified in this work. Transcriptional starts are organized into two groups according to their expression level (Major and Minor). The size of each of the major transcripts is indicated as detected by Northern blots. Exon 1S is the classic first exon. Sequences for the sequences identified here have been submitted to GenBank with the following accession numbers: 1A, EF200003; 1B, EF200004, 1S, EF200005; 1D, EF200006; 2ext (extended), EF200009. Exon 1C is from database EST clone BY738990 derived from a 17-day pregnant mouse amnion. Exon 1P constitutes a family of initiation sites extending over approximately 230 nt and is derived from experimental results described here rather than from a RACE clone. Exon 2int (internal) designates the 2.4-kb spermatid transcript described in 3 Persengiev et al. [13] . The trans-spliced clone (Glcci1-Sp1, EU711418) includes the first two exons of the Glcci1 gene from chromosome 6 fused through a standard splice junction to exon 2 of Sp1 on chromosome 15.
SP1 AND SP3 EXPRESSION DURING SPERMATOGENESIS 291 nonmitotic epithelium. When identical immunohistochemical procedures were applied to cross-sections of mouse colon or small intestine [30] , no striking loss of SP1, as occurred in the germinal epithelium of the testis (results not shown), was observed.
Western Blot Analysis Confirms the Pattern of SP1 Expression Observed Histochemically
To confirm that loss of SP1 by immunohistochemistry was not caused by some manner of changing chromatin environment, we carried out a set of Western blots. During sexual development in the mouse, the first group of spermatogenic cells differentiates as a nearly synchronous wave that has been well characterized [31, 32] . In extracts taken from developing mice, SP1 immunoreactivity was strongest from the youngest animals, in which only somatic cells and spermatogonia were present (Fig. 3A) . With increasing age, a steady decline in SP1 reactivity occurred, with the lowest level seen for the adult testis, in which advanced spermatocytes and spermatids make up the largest fraction of germ cells. We also prepared substantially enriched populations of mixed spermatogonia, late-pachytene spermatocytes, and round spermatids. Extracts from these cell populations were compared to whole-tissue extracts of adult testis and kidney (Fig. 3B) . The spermatogonia were most enriched for SP1, whereas this protein was very greatly reduced in the extract from spermatocytes and almost undetectable in the exposure with round spermatids. Because late-pachytene spermatocytes are slightly contaminated with earlier spermatocytes and a few somatic cells, the SP1 detected may have been contributed partly from those sources. A strong band was obtained from the kidney extract, as expected. The loss of SP1 with testis development seen in Figure 3A was confirmed with a second antibody raised to a determinant just C-terminal to the zinc-finger domain (Bethyl Laboratories 939) ( Fig. 1) , making it unlikely that loss of reactivity was the result of a covalent modification to the PEP2 antigenic determinant (results not shown).
RNase Protection Assays Suggest that Loss of SP1 Protein Is Accompanied by Appearance of Novel Splice Variants
We next used RNase protection assays to assess the prevalence of classic Sp1 mRNA. A 293-nucleotide (nt) protected fragment generated from exon 1, exon 2, and the upstream end of exon 3 was obtained with RNA from testis as well as a variety of somatic organs (Fig. 4A) . Testis RNA alone, however, generated a prominent 181-nt protected fragment (Fig. 4A ) that would result from probe hybridization to an mRNA lacking the normal exon 1. Applying the same assay to RNA isolated from testes at different stages of development and from late-pachytene spermatocytes and round spermatids, we observed that the 293-nt band was enriched in immature testes but was much less abundant in spermatocytes and spermatids (Fig. 4B) . The 181-nt protected band generated by exons 2 and 3 showed the opposite expression pattern. Seen at low levels in the 11-day-old testis, it rose with development and also was prominent in late spermatocytes but was missing or very faint in brain (Fig. 4B) . These results indicate that the standard Sp1 mRNA declined more or less in concert with the disappearance of immunologically detected SP1 protein. At the same time, a new Sp1 mRNA appeared in which classic exon 1 was missing. This mRNA could derive from a transcript with a novel first exon, from a splice variant that retained part of intron 1, or from the 2.4-kb, testis-specific mRNA that initiates just inside of exon 2.
Identification of Novel Transcriptional Start Sites and First Exons by 5
0 -RACE We next screened for novel transcriptional start sites using 5 0 -RACE. Electrophoretic analysis of the RACE products produced a series of bands in the 200-to 500-nt size range with a fainter smear at larger lengths (not shown). Bands were cloned and sequenced. We identified four additional cap sites for Sp1 mRNA as well as an example of trans-splicing. These and other transcriptional start sites to be discussed are diagrammed in Figure 1 . For clarity, these are grouped according to prevalence.
Real-time RT-PCR (using primer pairs as shown in Fig. 1 ) indicated that the only novel cap sites of quantitative significance were 1D and 2ext. The major product amplified for exon 1D was larger than expected, however, and its sequence was identified as an unspliced transcript containing the entire intron between exons 1D and 2. This unspliced RNA also would provide a template for primers intended to be specific to cap site 2ext (extended) (Fig. 1) . In fact, as discussed below, most mid-to late-pachytene transcripts likely .) The 181-nt band produced when exon 1 is not joined to exon 2 is seen only in the testis sample (asterisk). B) RNA from developing testes (Te) and from purified late-pachytene spermatocytes and round spermatids. Undigested probes are in the outside flanking lanes as for A except that in this case, a somewhat longer Actb probe (Prb) was synthesized, which is digested completely in the assay lanes. The 181-nt band generated by exon 2 in the absence of exon 1 is prominent in 19-day and adult testis and in both purified cell populations. A longer exposure (exp) of the gel in the region of the 293-nt band is shown at the top. S Intest, small intestine; Sem Ves, seminal vesicle.
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originate upstream of exon 1D in the region designated as exon 1P (Fig. 1) and retain the remaining part of intron 1.
The Majority of Pachytene Transcripts Contain the Intron Region Between Exons 1C and 1D, and These Account for the Testis-Specific, 8.8-kb Sp1 Transcript
Because no RACE clone was obtained for an unspliced transcript beginning at exon 1D, we considered the possibility that most transcripts originated farther upstream, perhaps generating the faint smear of longer RACE products observed. To investigate this possibility, we carried out RT-PCR using forward primers that moved upstream through the intron in approximately 100-bp steps until reaching exon 1C (Fig. 5A) . Each forward primer between the 3 0 end of exons 1D and 1C gave rise to two bands, one generated from unspliced transcripts and one from use of the exon 1D splice donor site. When the upstream primer was moved upstream of the exon Expected locations of the 259-and 133-nt protected bands are indicated. C) Northern blot analysis of Sp1 transcripts in total RNA from testis and kidney (Kid). Probe locations are diagrammed at the top. The exon 3 probe was designed to react with transcripts for standard Sp1 as well as the minor splice variant that lacks the upstream part of exon 3 and has been detected only in certain somatic tissues [15] . A single gel was run and blotted to a nylon membrane. The membrane was cut into three sections, each of which was hybridized separately to one of the three probes. After washing, the three sections were aligned and exposed to x-ray film together for 2 days. Following the initial exposure, the membrane was rehybridized to an Actb probe, which identifies the novel testis 1.5-kb band [33] in addition to the usual 2.1-kb transcript. D) Real-time PCR analysis of the prevalence of transcripts beginning with exon 1S and 1P in purified germ cell fractions. At the top, relative levels of Sp1 transcripts, beginning with exon 1S and 1P, are shown. Each is expressed relative to the Ct of a fragment amplified from the zinc-finger domain of Sp1 in the spermatocyte sample (100 ¼ Ct 25.1 6 0.7, n ¼ 4). In the middle, controls to confirm the substantial purity of the cell fractions are shown. The Sox3, Hist1h1t, and Tnp1 transcripts are greatly enhanced or unique to early spermatogonia, pachytene spermatocytes, or round spermatids, respectively. The Ct for each in its dominant cell fraction was defined as 100, and levels in other fractions are expressed relative to that Ct. The Ct in the dominant fraction is given for each transcript. At the bottom, the maximum Ct for Atp5a1 in the spermatocyte sample was defined as 100, and expression in other cell fractions is given relative to that Ct. Error bars represent the SEM.
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1C splice donor site, the only product reflected use of an alternate exon 1C splice donor site (as found in human testis cDNA clone BC043224). Thus, both spliced and unspliced transcripts were identified across virtually the entire intron region between exons 1C and 1D.
The results presented above suggested that most novel transcripts originated somewhere downstream of exon 1C. Application of RNase protection or primer extension assays, however, failed to locate a single major start site in this region. Instead, both procedures produced a range of fragments compatible with a distribution of cap sites downstream of exon 1C, with most at least 200 bp upstream of econ 1D (results not shown). In the absence of a RACE clone, it is possible that the actual cap site occurs at an unknown location upstream, with splicing to a site downstream of exon 1C. Because the only good splice acceptor appears to lie at the start of exon 2, however, we conclude that most transcripts originate downstream of exon 1C in the region designated as exon 1P (Fig. 1) .
The band intensities from RT-PCR (Fig. 5A) suggest that spliced transcripts from exon 1P are readily detected. Endpoint PCR, however, may favor accumulation of shorter products. To better estimate the prevalence of spliced products, we carried out RNase protection with a probe that overlaps the exon 1P splice donor region and adjacent intron sequences (Fig. 5B) . With total testis RNA, the only prominent band (259 nt) corresponds to an unspliced exon 1P transcript. The 133-nt band expected for spliced variants was detected faintly, if at all. As expected, liver RNA did not lead to protection of any bands for this probe. We conclude that the exon 1P/1D splice donor site is rarely used.
We next tested the possibility that unspliced transcripts from 1P generate the 8.8-kb mRNA identified in pachytene cells by Persengiev et al. [13] . We performed a Northern blot analysis of testis and kidney RNA using probes for exon 3 (to detect all major transcripts) as well as two different regions of intron 1 (Fig. 5C ). The exon 3 probe reacted with comparable intensity to the known 8.8-, 8.2-, and 2.4-kb transcripts in testis but identified only the classic, 8.2-kb transcript in kidney. Both intron 1 probes reacted strongly with the 8.8-kb band in testis, confirming that intron 1 sequences do account for the greater length of this variant. Neither intron probe hybridized to the 8.2-or 2.4-kb bands. This Northern blot also showed that the 8.8-, 8.2-, and 2.4-kb bands are the only major transcripts in mouse testis, confirming the results of Persengiev et al. [13] .
Estimation of the Relative Contribution of the Exon 1S and Exon 1P Start Sites in Purified Cell Populations
We used real-time PCR to confirm the relative levels of transcripts from the exon 1S and exon 1P start sites in purified spermatogonia, pachytene spermatocytes, and round spermatids. Transcripts expressed predominantly in each cell population served as controls for cell purity (Fig. 5D, middle) . Thus, Sox3 [34] was expressed maximally in spermatogonia, with the low levels found in spermatocytes and spermatids likely caused by slight spermatogonial contamination. Hist1h1t mRNA [35, 36] was present in spermatocytes, but only in trace amounts in spermatogonia or spermatids. Finally, Tnp1 mRNA [37] was present in round spermatids but virtually undetectable in the other germ cells. Expression of mRNA for mitochondrial ATPase subunit 5a is reported to be relatively constant during testis development, with a slight decrease in spermatids [38] [39] [40] . Atp5a1 levels were, indeed, comparable in spermatogonia and spermatocytes but were reduced in round spermatids (Fig.  5D, bottom) . Results for these four transcripts confirmed that these procedures yield quantitatively useful estimates of RNA expression.
In this case of Sp1 variants (Fig. 5D, top) , mRNA levels were normalized to the threshold obtained in spermatocytes for a primer pair lying in the zinc-finger domain of the Sp1 mRNA. In full agreement with earlier results, the 1S transcript was most prevalent in spermatogonia, dropped to one fifth of this level in spermatocytes, and dropped to one tenth of this level in spermatids. In contrast, 1P transcripts were present at only trace levels in spermatogonia but were the dominant transcripts in spermatocytes, then decreasing to approximately one fifth of 
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that some of the 1S transcripts that we detected derived from spermatogonial contamination.
Accordingly, real-time measurements confirm a dramatic switch in the use of transcriptional start sites as cells differentiate from spermatogonia to late spermatocytes.
Why Is SP1 Protein Produced Inefficiently from Transcripts Originating at Exon 1P?
We have shown that the prominent, testis-specific, 8.8-kb transcript of mid-to late-pachytene spermatocytes contains intron 1 sequences and probably originates from the 1P transcriptional start region. Why does the appearance of this transcript correlate with loss of immunoreactive SP1? A likely explanation is that the retained intron results in poor translation. By the usual scanning model for initiation, ribosomes would have to traverse between five and nine short, upstream reading frames (Fig. 6A) to arrive at the start of the Sp1 reading frame in exon 2. For transcripts that initiate in the upstream half of exon 1P, at least three short open-reading frames will be present even in spliced transcripts. We tested this hypothesis by fusing various Sp1 5 0 UTRs via possible Sp1 start codons to a luciferase reporter. For exon 1S, the fusion was at the normal start codon within exon 1S. For exon 1P, the fusion site lay at the first in-frame methionine of exon 2. Preliminary experiments indicated that mouse NIH3T3 fibroblasts effectively excise the exon 1P/D-2 intron (results not shown). We therefore made a second construct in which we mutated the 1P/1D donor site by converting it to an EcoRI restriction site. When this construct was tested by transient transfection, luciferase activity was reduced by approximately 10-fold (Fig. 6B) , whereas the spliced version was approximately half as active as exon 1S. Note that these constructs had rather short segments of exon 1P and, therefore, lacked any of the four open-reading frames upstream of the splice donor site (Fig. 6A) . Most 1P transcripts would have even more upstream open-reading frames.
SP3 Also Declines as Spermatogenesis Proceeds, Though with Slightly Different Kinetics
A widely expressed member of the SP family, SP3 may act positively or negatively at GC promoter elements, depending on the context [3] . Immunohistochemical investigation again showed the most prominently labeled cells to be located around tubule edges. Closer examination revealed significant differences between the reactivity of SP1 and that of SP3 (Fig. 7) . The brown immunoreaction product was found prominently over spermatogonia at all tubule stages. Unlike SP1, however, the immunoreaction was lost as cells passed the leptotene phase of meiosis (compare stage VII in Fig. 7C and stage X in Fig.  7D ). SP3 was not seen in zygotene and early pachytene spermatocytes, although SP1 was readily detected (compare Fig. 7 , A and E, with Fig. 2, B and F) . Interestingly, weaker nuclear immunoreactivity for SP3 developed again in round spermatids, peaking approximately in the round spermatids of a stage IV-V tubule (Fig. 7B) . By stage VII, however, reactivity We then used Western blot analysis to confirm the SP3 expression pattern. SP3 gives rise to a complex series of Western blot bands because of a combination of multiple translational initiation sites as well as the presence of sumoylated derivatives [41] . Using purified populations of cells as described earlier, spermatogonia gave the most intense SP3 bands (Fig. 8) . The SP3 bands were greatly reduced in spermatocytes and in round spermatids. Thus, whereas total testis extracts had levels of SP3 bands comparable to those of liver and kidney, the presence of the protein was very unevenly distributed among purified cell populations. The results of the Western blots were in good agreement with those of the immunohistochemistry, although slight contamination of the purified cell populations with somatic cells may have exaggerated the concentration of SP3 in the spermatocyte extract.
To emphasize differences in the immunohistochemical detection of SP1 and SP3 in spermatocytes and spermatids, we have plotted an approximate comparison of the changes of these two transcription factors during spermatogenesis (Fig. 9) .
DISCUSSION
In the present study, we have compared the levels of transcription factors SP1 and SP3 in germs cells throughout spermatogenesis. In the case of SP1, to understand how its declining levels correlate with the various testis-specific transcripts that are known, we undertook a detailed investigation of the transcriptional origins of testis transcripts, with particular reference to the incompletely characterized, 8.8-kb transcript of pachytene spermatocytes.
Both of these GC box-binding factors were present at high levels in spermatogonia and early (leptotene) spermatocytes. SP3 declined sharply by the zygotene stage but reappeared at lower levels midway through the development of round spermatids. SP1 did not show a decline until the midpachytene phase of meiosis, and it did not reappear in spermatids. Persengiev et al. [13] showed that two major changes occurred in Sp1 mRNA during spermatogenesis. The normal Sp1 transcript of 8.2 kb, notable for its extremely long 3 0 UTR of approximately 5.4 kb, was replaced during the pachytene stage by an even longer transcript of 8.8 kb. Late in meiosis, a much smaller, 2.4-kb variant appeared, which was the only significant transcript present in round spermatids. The 5 0 -RACE analysis showed that the 2.4-kb variant was pared down to essentially just the coding sequence at both ends. This short transcript was nonpolysomal and, apparently, not a significant source of SP1 synthesis, perhaps because of its very short 5 0 UTR [42] . The transcriptional origin and functional character of the 8.8-kb transcript were not investigated.
Our initial approach to characterize the origin of testis Sp1 transcripts was to carry out a 5 0 -RACE analysis. We identified four new cap sites as well as an example of trans-splicing [43] between exon 2 of the Glcci1 gene on chromosome 6 and Sp1 exon 2 (transcribed from chromosome 15). Based on real-time PCR analysis, however, the only prevalent member of these new variants appeared to originate within intron 1 at exon 1D (Fig. 1) . Subsequent analysis showed that exon 1D usually was just a part of longer transcripts that originated farther upstream (in the 1P region) (Fig. 1) and that joined to exon 2 without splicing. In particular, Northern blot analysis showed unambiguously that the 8.8-kb transcript alone contained intron sequences between the 1P region and exon 2. Primer extension and RNase protection failed to identify a single start site within the 1P region and suggested that multiple initiation points exit between 650 and 900 bp upstream of exon 2. Because no RACE clones were obtained for these start sites, however, it remains formally possible that initiation occurs even farther upstream. The retained intron sequence in the 8.8-kb mRNA introduces multiple upstream open-reading frames that must be negotiated to reach the correct Sp1 codons beginning in exon 2. Transfection studies showed that this long leader sequence severely suppressed expression of a fused luciferase reporter, but only when the exon 1D splice donor site in the intron was mutated. The simplest interpretation of this result is that the long 5 0 UTR of the 8.8-kb pachytene transcript is translationally inhibitory because of the presence of multiple upstream reading frames [44] , although it is possible that specific translational regulation [45, 46] also is involved. This inhibitory UTR thus resolves the apparent conflict between FIG. 8. SP3 Western blot of whole-organ or isolated spermatogenic cell extracts. The complex pattern of SP3-reactive bands result form the four translational initiation sites found on the major SP3 transcript and are identified as described by Sapetschnig et al. [41] . Equal amounts of protein were loaded in each lane. Measurements are given in kDa. SP3l, long translation product; SP3s, short translation product; Su, sumoylated variants of the long translation products. Many genes are expressed specifically during meiosis and in spermatocytes in particular (for review, see [47] ). From the down-regulation of SP1 and SP3 that occurs between the zygotene and midpachytene stages, one might expect that classic GC boxes would be missing from promoters expressed prominently in the pachytene stage. In fact, GC boxes are regular features of the proximal promoters of genes such as Hist1h1t [17, 48, 49] , Hspa2 [50] , Pgk2 [51] , Pdha2 [52] , Ldhc [53] , and Gtf 2a1l [54] . In general, these are up-regulated in the early pachytene stage, but H1T is readily detected only by the mid-to late-pachytene stage [35, 36] . Trace amounts of mRNA for most of these genes, however, have been identified in immature mice before the first appearance of pachytene cells [55] [56] [57] [58] [59] . Thus, initial rounds of transcription occur at stages when SP1 and, perhaps, SP3 are present at high levels. An obvious question is how continued transcription of these genes is maintained after levels of SP1 and SP3 show marked decline. Perhaps these factors are more important in the initial recruitment of the transcription apparatus than in the maintenance of active expression. Alternatively, once active promoter complexes and chromatin modifications are established, these complexes might have much higher affinity for SP1/SP3 and so retain the relevant protein despite its declining concentration. Finally, new pachytene-induced factors might substitute for the SP proteins, or the various changes that occur to the basal transcription machinery during meiosis [60] might reduce their importance. The in vivo presence of factors on promoters can be studied by chromatin immunoprecipitation assays. In a recent publication, Yoshioka et al. [61] reported that SP3, but not SP1, was associated with the Pgk2 GC box in vivo throughout Pgk2 expression in spermatocytes and spermatids. Whereas the increase in Pgk2 expression that occurs in round spermatids correlates favorably with the slight increase of SP3 that occurs during this period (Fig. 7B) , retention of SP3 on the promoter throughout the pachytene stage supports selective retention on an active gene. Confirming the importance of the GC box in the Ldhc promoter, Tang et al. [62] reported recently that a mutation to this element in an 88-bp promoter fragment reduced expression of a reporter both in transgenic mice and following in vivo testis electroporation.
Gene expression in the male germ line is well known for the use of alternative promoters and alternative splicing patterns [63] . In this regard, the Dnmt1 and Dnmt3L genes (for DNA methyltransferases 1 and 3L) are interesting comparisons for Sp1. In both cases, transcription shifts during pachytene to downstream, testis-specific start sites that give rise to translationally compromised mRNAs [64, 65] . Other examples in which novel promoters are used in late meiosis or in haploid cells to produce new transcripts that are translationally ineffective include Sod1 (super oxide dismutase 1) [66] , Cycs (cytochrome c) [67] , and Penk1 (preproenkephalin 1) [68] .
An interesting question is whether some functional linkage exists between the down-regulation of the Sp1 1S cap site and the up-regulation of the 1P (for the 8.8-kb mRNA) or 2int (internal; for the 2.4-kb mRNA) cap sites. For example, would activation of the downstream promoter automatically tend to suppress upstream initiation? Recent studies of gene expression in cultured cells suggest that almost one third of genes identified with focal reinitiating complexes have two such sites [69] . It appears that an active downstream promoter does not necessarily compromise an upstream counterpart.
Whereas the role of SP1 in regulation of promoters has received much attention, the transcriptional regulation of Sp1 itself has received rather little. Nicolas et al. [70] identified functional binding sites for SP1 itself, SP3, E2F, and NF-Y in the proximal Sp1 promoter. In addition, the Sp1 promoter has overlapping binding sites for SP1 and KLF4, which has been suggested to repress Sp1 expression [71] . Testis has relatively elevated KLF4 expression, with spermatids having the highest levels among germ cells [72] . It is worth considering that KLF4 plays a role in silencing the 1S promoter, but this is difficult to reconcile with the fact that KLF4 also is expressed in Sertoli cells [72] , which demonstrate robust Sp1 expression (Fig. 1) .
Thomas et al. [14] concluded that a 3.7-kb mRNA is a major Sp1 transcript in mouse spermatocytes. Our Northern blot (Fig.  5C) indicated that the 8.8-, 8.2-, and 2 .4-kb bands are the only testis variants readily detected, confirming the results of Persengiev et al. [13] . An explanation for the 3.7-kb band [14] may derive from internal annealing sites within the classic mouse Sp1 8.2-kb transcript for the primers used at both the 5 0 and 3 0 ends of their PCR-based cloning and reverse Northern blot protocols (a C-rich sequence 60 bp upstream of the ATG codon and a run of 14 adenines 1324 bp downstream of the stop codon). Using an antibody raised to a peptide defined by amino acids 123-138, this group detected a prominent 60-kDa testis version of SP1 on Western blots. Our antibodies did not react with this variant.
Clearly, GC boxes have important roles in gene expression during spermatogenesis. Understanding the functional implications of changes in SP1 and SP3 levels during spermatogenesis will need to await the application of methods that examine in vivo promoter occupancy to many other genes and, perhaps, use of conditional knockouts to eliminate their expression at specific stages.
